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We report & new meaallizaJwHn process for achieving low resistance ohmk contests to moleenla* 
beam epitay grown w-GaN cm- 3 ) using an Aim bOajer nietailfcsatBcai scheme. Fow 

different thin-film coatsc* meeallizatioBBS were compared during (foe tavestigatioia, induing Au, Al« 
Ti/Au, and TVA1 layers. The metals were first deposited via convensionsl eleetroa^eam evaporatiojB 
onto the GaN substrate, and then thermally annealed in a tempecatoe range froas SCO to ft»°c ins 
a N 2 ambient using rapid thecal annealing tecfemques. The lowest value for title spsdfie constats 
rastivity of 8XHT 6 O can 2 , was obteiaed using T^Al metallisation with anneals of 9C0 *C for 30 
s. X-ray diffraction and Auger electron spsctoscopy depth profile were empHoyed to investigate the 
metallurgy of contact formation. 



decent progress in the growth of high quality GaN epi- 
layers has paved the way for nitride-based electronic and 
optical devfices. I^ese devices include bright p-n junction 
GaN Hghft emitting diodes, 1 - 2 GaN metal-semiconductor 
field^Ebca transistors (MESFEB), 3 as well as modulation- 
doped field-effect transistors (MQDlHIk).* However, it is 
well known that parasitic resistances, in the form of contact 
resistance, substantially reduce the overall! .performance of 
these electronic and optical devices. 5 Often ifee major loss of 
performance is due to high resistance mt&tanriconduoKir 
"ohmie" contacts. Therefore, in order to aetata opatmnm de- 
vice pgr&ifiaance, minimization of the contact resistance is 
absolutely necessary. 

Low resistance ohraic contacts for GaN are particularly 
challenging, as compared to the other well studied Ul-V 
compounds {GaAs and ffnP), because of large band gap 
(3.4 eV). Although the nitrides, GaN, ABN, and EhN t show 
great potential for use as ultraviolet and blue optical devices 
as well as high tcrnperatwe/roDgh power electrical devices, 
there still remains much more work to be done in obtaining 
ohnnic contacts with small specific resistivities. 

In an carfier attempt to achieve ohmic contacts oa GaN 
epijayers, Foresi eg qL* used Al and Au contacts with 575 °C 
anneal cycle. However, the specific contact resistivity of 
these contacts was relatively poor (NT 3 31 cm 2 ). In this let- 
ter, we report the results of an ohraic contact study of four 
separate metallization schemes: Au, Al, Ti/Au, aad TJ/A1 
Electrical characterization of the contacts was done using 
standard transmission line measurements (JIM) and die ma- 
terial characterisation included x-ray drS&action (XRD) as 
well as Auger electron spectroscopy (AES). 

GaN rllms for this study were grown 0 a ((TO01) sapphire 
Urates which were cleaned by hydrogen plasma treatment 
pnor to growth. 7 After cleaning, the substrates were then 
transfered, via an ultrahigh vacuum (UHV) transfer line, to 
a Perfcir, Elmer 430 molecular beam epitaxy (MBE) system 
equipped wjth an electron cyclotron resonance (SCR) source 
for mtnde growth. This process produced laruatentionalhr 
bavins a ^ iad concentration of 

about 10 cm" 3 . For the experiments performed here, the 
GaN sample were nominally 1 &n thick and had an electron 



concentration off about 1XX0 17 cm~* with a room- 
tempera&nzre electron) n^obilSry of 1G0 caa 3 /V s. 

After the GaN films were grown, she sGbssrates were 
patterned aad thesa etched generating the mesa structure for 
the TJLM mseasuremeaiis- Tne substrates were again patterned 
for the MfN>f!f procedure, thus providing a linear configura- 
tion! of rectangular pods of dhne«sion$ 250 /im wide and SO 
t&n toag- Hie gap between the contact pads varfied between 1 
and 20 /am in 312 step®. 

Hie speeifie saeteil layers were deposited vis e-beam 
ewRpovation. 0?ne coofesJ scheme utilised a single layer of 
either At or An with a aMdoaess of 100 nm. Hts second 
scheme ef bikyer cornets oorcsisting of a 20 nm H depos- 
ited direcay on GaN, followed by a 100 um capping layer of 
cither Am or Al A four-pome probe arrangement was tased to 
eliminate the probe eonttacfc resistance. 

Figure S shows ctarrent-volleage (f-V) characteristics of 
four different contact schemes prior to annealing. Only the 
TS/Al comttact on GaN exhibit near linear /- V characteristics 
1 cssment levels. Tfea other three metal contacts ex- 
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FIC. 1. /- V chonxaeHste of a^tepdaitcd metaJ cemteds on GaN samales 
tteosured m roam temfttrflture. 
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FIG. 2. I-V chirtctet&ccs of metal 
rag hi 700 *C for 20 ± 



contms on G*N MRipIey after aaaeat- 



F!G. 3. Least-9qunrcs linear rcgressiou of TVAI contacts on CaN laycn 
alloyed at 900 *C for 30 s. 

The metallurgical reactions of the TVAI contacts were 
investigated by XRD and AE5 analysis. The nonalloyed con- 
tacts, as expected, show little interaction between the Al and 
71 layers as deduced from the XRD data. However, after 
annealing at 900 °C for 20 s the Al and 71 direction peaks 
were absent suggesting that both metal layers had been com- 
pletely consumed during the anneal. New peaks in the XRD 
data of the annealed samples were observed after the anneal 
and were identified as face-ocntettd-tetragonal 71A1 indicat- 
ing substantial interaction between the Al and 71 layers. 

Further characterization of the annealed sample using 
Auger depth profiling was consistent with the XRD result: 
The Al and 71 layers interact forming a fairly uniform layer 
of AlTx. The AES analysis also indicated that A1TE layer was 
slightly Al rich* It was also shown in the AES profile data, 
that the ATIVGaN interface was not completely abrupt This 
may be due to a thin (150 A) interface layer containing re- 



hibited nonlinear I-V characteristics even for small currents, 

which is probably due to the formation of rectifying Schottky 

contacts. The barrier heights are strongly dependent on the 

type of contact metals, hi general, the bilayer samples having 

the 20 urn Ti interface layer had lower barrier heights as 
1 compared with contacts made with only Al or Au. A brief 

a nn e aling step performed as 500 °C in a N 2 environment 

reduced the barrier heights in all samples, 

Contact resistances were derived from the I-V data of 

the measured resistance versus gap spacing by TIM. The 

method of least squares was used to obtain the intercepts 

needed to calculate the transfer length. After the 500 °C an- 
neal, the specific contact resistivity of Al, An, and TVAu 

were of the order Mr^-lO' 1 fl cm 2 while the TVAI contact 

was 10 * ilcm 2 . Upon further annealing, using the KTA 

method at 700 °C for 20 s the contact resistances of both 

At/Ti and An/n decreased markedly. Figure 2 shows me /- V 

characteristics for all four metal contacts after the 20 s anneal 

at 700 'C Although the I-V curves of Al and An contacts 

were not perfectly symmetric, contact resistances of Tl/Au 
, and TVAI improved due to the higher temperature anneal. 

The specific contact resistivities of TI/Au and TVAI are in the 

range of 10~ 2 and low 10" 3 O cm 2 order. 

The two samples, AVI1 and An/n, were further annealed 

to even higher ternperatures at 900 *C f or 30 $. Tins high 

temperature anneal resulted in a substantial increase in the » 

contact resistance for the TVAu contacts. However, in the 

case of the TVAI contact, the specific resistivity of inmroved 

substantially to the very low value of 8xl0~* H cm 2 (see 

Fig. 3). 

The relationship between the annealing time (900 °C) 
and specific contact resistivity was further investigated and 
the results are shown in Fig, 4. The unexpected high contact 
resistmry after annealing for 60 s may be caused by high 
oxygen content incorporated into the Al layer and formed a 
torn insulating A^O* layer on the surface which makes the 
. ******** of the contact resistance at the GaN interface nc 4 ^ ^ , 
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action products involving all of the species OX Ga, AI, and 
N). This interface is key to understanding the mechanism of 
electronic transport across the interface. Further characteriza- 
tion °f the interface microstructure using TEM analysis will 
be needed to further identify the reaction products at the GaN 
interface. Analysis of the system a prion is hampered by the 
absence of a quaternary Ga-N-Ti^Al phase diagram. 

We now speculate on the nature of the reactions respon- 
sible for the low resistance contacts. Typically, two types of 
interfaces are associated with low resistance ohmic contacts- 
(i) low barrier Schpttky contacts 8 * using intermediate or 
graded band-gap interface material and (ii) tunneling con- 
tacts. 

The first type of interface requires a semiconductor com-* 
j»und having an intermediate value band gap, thus ebininat- 
mg both of the possible simple binary compounds of the 
reaction; A1N and UN. AJN has a band gap [5.9 eV (Ref 
10)J which is larger than GaN and UN's band gap is too low 
and behaves metallic Other more complicated ternary and 
quaternary Ga, TJ, and AI nitrides compounds are possible 
low-bamcr Schottky contact material, but farther micrestruc 
ture and phase identification of the interface win be neces- 
sary to link them with the observed low contact resistance 
found in this work. 

The second type mechanism for ohmic contacts operates 
trough the tunneling mode. For this to be appJicablein our 
case the GaN at the metal/GaN interface must become 
heavjly doped during the anneal. One plausible process, 
whereby ftb may occur, involves the solid phase reaction 
between the Ti and GaN forming UN. Suppose N is ex. 

tare, (,.c N out-d.ffus.on from the GaN lattice). Then an 
accumulation of N vacancies would be created in the GaN 
near the junction. And since N vacancies in GaN 10 act as 

JS* reg r W0 . u,d 01 d °l*d "-GaN, which 

£T * . needed for tunneling contacts. We 

note that only two monolayers of TIN are needed to be 



formed ib i ord er to generate a 100 A layer of GaN with a. 
electron density of :o*W. High temperature? r£v b 
needed for this reaction since GaN decomposes onlv « !<;„: 
temperatures (9»'C in vacuum)." V**S- 
In summary, metal contacts on GaN have been studiec 
using the combinations of Ti, AI, and Au. Device qualm 
ohmic contacts with contact resistivity values of 8X10" 
XI em have been obtained when TVAJ contacts were an- 
nested at 900 e C for 30 s. This method should provide a 
powerful way of making ohmic contacts on GaN layeis 
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